Previous investigations in our sheep model revealed that these injuries lead to significant airway hyperemia, enhanced pulmonary fluid extravasation, and severely impaired pulmonary function. However, the pathophysiological mechanisms are still not fully understood. The lung is innervated by sensory nerves containing peptides such as substance P and calcitonin gene-related peptide. Noxious stimuli in the airways can induce a neurogenic inflammatory response, which has previously been implicated in several airway diseases. Calcitonin gene-related peptide is known to be a potent vasodilator. We hypothesized that calcitonin gene-related peptide is also a mediator of the pulmonary reaction to toxic smoke and planned experiments to evaluate its role in this model. We tested the effects of pretreatment with a specific antagonist of the major receptor for calcitonin gene-related peptide (BIBN4096BS; 32 g/kg, followed by continuous infusion of 6.4 g ⅐ kg Ϫ1 ⅐ h Ϫ1
airway blood flow; neurogenic inflammation; neuropeptides; pulmonary microcirculation; bronchial circulation; sheep DESPITE IMPROVED SURGICAL CARE, respiratory support, and effective fluid resuscitation management, the mortality rates of patients with severe burn trauma remain high. The presence of concomitant inhalation injury is a major determinant in morbidity and mortality of fire victims (42) . It has long been suspected that neuropeptides mediate the initial reaction of the respiratory system to toxic smoke. Stimulation of C-fibers in the airways leads to release of multiple neuropeptides (29, 46) . Previous studies from this laboratory indicated that capsaicin pretreatment reduced the severity of the reaction to smoke inhalation injury in sheep (26) . The pathophysiological changes in the lung following combined burn and smoke inhalation injury in sheep closely reflect the situation seen in humans with these injuries (12, 18, 19) . They are characterized by marked increases in airway blood flow and pulmonary microvascular permeability, leading to greatly enhanced transvascular fluid flow into the bronchopulmonary lymphatic vessels and secretion of mucus by airway glands, which together lead to airway obstruction and, ultimately, result in severe impairment of respiratory gas exchange (7, 12, 18, 19, 43, 47) . To gain improved understanding of the pathophysiology involved in the pulmonary reaction to burn and smoke inhalation injury, extensive research has been conducted in the sheep model (11, 12, 19, 38, 43, 47) . However, the pathogenetic mechanism of the injury-induced airway hyperemia and transvascular fluid flux is still not fully understood.
The lung is innervated by a dense network of vagal nerve sensory C-fibers, containing peptides such as substance P, neurokinins, and calcitonin gene-related peptide (CGRP) (4, 8) . These sensory nerves represent an effective nociceptor system, enabling the lung to react to noxious stimuli in the airways by release of neuropeptides via an axon reflex (22, 46, 52) . Increased liberation of neuropeptides may trigger the development of neurogenic inflammatory responses, resulting in airway hyperemia, microvascular hyperpermeability, mucus secretion, and bronchoconstriction (22, 52) . Neurogenic inflammation in the airways owing to increased neuropeptide release has previously been implicated in smoke inhalation injury and in several other disease processes (27, 28, 51, 53) .
We hypothesized that enhanced CGRP liberation is a major mechanism in the pulmonary reaction to combined burn and smoke inhalation injury. Therefore, the aims of the present study were to test the role of CGRP in the regulation of airway blood flow and transvascular fluid flux in response to burn and smoke inhalation injury in sheep and to evaluate the potential therapeutic benefit of a CGRP antagonist.
METHODS
This study was approved by the Animal Care and Use Committee of the University of Texas Medical Branch and conducted in compliance with the guidelines of the National Institutes of Health and the American Physiological Society for the care and use of laboratory animals.
Animal model. Thirteen healthy adult female sheep with a body weight of 31 Ϯ 2 kg were included in this study. Following induction of anesthesia with ketamine (500 mg im, 300 mg iv), endotracheal intubation was performed. Anesthesia was maintained using an isoflurane (1.4 -1.8 vol%)-oxygen mixture. The right femoral artery was cannulated with a polyvinylchloride catheter (Intracath, 16 gauge, 24 in., Becton Dickinson Vascular Access; Sandy, UT) for continuous measurement of systemic arterial pressure and intermittent sampling of arterial blood. A thermodilution catheter (model 93A-131-7F, Edwards Critical Care Division; Irvine, CA) was inserted into the right external jugular vein through an introducer sheath (Edwards Lifescience; Irvine, CA) and advanced into the common pulmonary artery. Through the left fifth intercostal space, a Silastic catheter (0.062-in. ID and 0.125-in. OD, Dow Corning; Midland, MI) was positioned in the left atrium for continuous measurement of left arterial pressure. Through the right fifth intercostal space, a Silastic catheter (0.025-in. ID and 0.047-in. OD) was placed into an efferent lymphatic vessel from the caudal mediastinal lymph node for the measurement of lung lymph flow (Q L). Ligation of the tail of the caudal mediastinal lymph node and cauterization of the systemic diaphragmatic lymph vessels were performed to remove the systemic lymph contribution (44, 48) . After a recovery period of 5-7 days, a baseline measurement was performed in spontaneously breathing sheep. Thereafter, the animals were anesthetized using intravenous ketamine (5 mg/kg). Tracheotomy was performed, and anesthesia was maintained with a halothane (1.1-2.0 vol%)-oxygen mixture. The animals received combined burn and smoke inhalation injury according to an established protocol (12, 43, 44, 50) . In brief, sheep received a third-degree burn of 40% of the total body surface area (TBSA) using a Bunsen burner and inhalation injury with 4 ϫ 12 breaths of cotton smoke (Ͻ40°C) using a modified bee smoker filled with 40 g of burning cotton toweling. Arterial carboxyhemoglobin concentrations were determined immediately after each set of smoke inhalation. Anesthesia was then discontinued, and the sheep were allowed to awaken. All sheep were mechanically ventilated (Servo Ventilator 900C, Siemens, Elema, Sweden) with a tidal volume of 12-15 ml/kg and a positive end-expiratory pressure of 5 mmHg throughout the study period of 48 h. The respiratory rate was initially set at 20 breaths/min and was further adjusted according to blood gas analysis. All animals were fluid resuscitated with lactated Ringer solution according to the Parkland formula (4 ml ⅐ kg Ϫ1 ⅐ %TBSA Ϫ1 for the first 24 h, and 2 ml ⅐ kg Ϫ1 ⅐ %TBSA Ϫ1 for the second 24 h). All animals had free access to dry food but had no oral intake of water.
Measured variables. Systemic and pulmonary hemodynamic variables were determined using pressure transducers (Baxter-Edwards Critical Care, Irvine, CA) and recorded on a hemodynamic monitor (monitor V24C, Philips Medizin Systeme Böblingen, Böblingen, Germany). Cardiac output was measured in triplicate with the thermodilution technique (Monitor 9530, Baxter-Edwards Critical Care). Blood gases were measured using a blood gas analyzer (Synthesis 15, Instrumentation Laboratories; Lexington, MA). The partial arterial oxygen pressure (PaO 2 )/inspired oxygen fraction (FIO 2 ) ratio, pulmonary shunt fraction (Qs/Qt), vascular resistances, and pulmonary capillary pressure (PCP) were calculated using standard equations. To exclude acute adverse effects of BIBN4096BS on systemic or pulmonary hemodynamics, acid-base status, and pulmonary gas exchange, we performed a second set of baseline measurements 1 h after the start of drug infusion, immediately before the injury (n ϭ 7 animals). The peak and pause ventilatory pressures were recorded from the indicators on the servoventilator. Lung lymph flow (QL) was measured with graduated test tubes and a stopwatch. Plasma (P) and lung lymph (L) colloid oncotic pressures were measured with a colloid osmometer (model 4420, Wescor; Logan, UT). The plasma (CP) and lung lymph (CL) protein concentrations were measured with a refractometer (National Instrument; Baltimore, MD). For estimation of pulmonary microvascular permeability to protein, the lymph-to-plasma protein ratio (CL/CP) was calculated (25) . At the end of the 48-h study period, the animals were deeply anesthetized with ketamine (15 mg/kg) and killed by intravenous injection of 60 ml saturated potassium chloride. Immediately after death, the right lung was removed, and a 1-cm thick section was taken from the middle of the lower lobe and inflated with 10% formalin for histological examination. Fixed samples were embedded in paraffin, sectioned into 4-m pieces, and stained with hematoxylin-eosin. A pathologist who was unaware of the group assignment analyzed the histological changes according to a standardized protocol as described by Cox et al. (7) . Twenty-four areas of lung parenchyma in each animal were observed at ϫ10 objective magnification and graded on a scale of 0 -4 (0: absent, appears normal; 1: light; 2: moderate; 3: strong; 4: intense) for congestion, septal edema, alveolar edema, septal inflammation, and hemorrhage. Airway obstruction was evaluated at the same time when the injury score was assigned. For each cross-sectioned airway, a score of 0 -100% was made as an estimate of the degree of luminal obstruction. Each airway was classified as a bronchus or a bronchiole (7) . Microvascular blood flow of the middle and distal trachea and the right and left main bronchus were measured at baseline, 3 h, and 24 h postinjury by injection of colored microspheres (Interactive Medical Technologies, Los Angeles, CA) as described previously (12, 34) .
Treatment groups. Twelve sheep were randomly allocated to the following study groups: injured, untreated animals (control; n ϭ 5) and injured animals, treated with the selective, nonpeptide CGRP receptor antagonist BIBN4096BS (Boehringer-Ingelheim Pharma KG; Biberach, Germany; n ϭ 7) (20, 36) . One hour before the injury, treated animals received an intravenous bolus of 32 g/kg BIBN4096BS followed by continuous infusion of 6.
throughout the study, i.e., for 49 h. The drug was dissolved in saline containing a minimum volume of HCl and titrated with NaOH to adjust the pH to neutral (14, 20) . In pilot studies in our institution, the dosing regimen of BIBN4096BS was determined by observing its effect on CGRP-induced vasodilation in precontracted small ovine cerebral arteries incubated ex vivo. A concentration of 1 M was found to increase the dose of CGRP required by more than one order of magnitude. The infusion rate for the present study was chosen to yield and maintain an approximate plasma drug level of 1 M. The infusion rate was based on published data for the half-life of the drug in humans (20) . The animals of the control group received the same amount of the carrier solution. Statistical analysis. All values are expressed as means Ϯ SE. After confirming normal distribution (Kolmogorov-Smirnov test), results were compared by analysis of variance with appropriate StudentNewman-Keuls post hoc comparisons to compare differences within and between groups, or by the unpaired t-test. The study was conducted as a two-factor factorial arrangement of treatments with repeated measures on one factor (time) in a completely randomized design. There were thirty treatment combinations. One factor was group and the second factor was the repeated-measures factor, time. Error a, pooled animal variability within groups, was used to compare overall group means, while error b, the pooled animal-by-group interaction within groups, was used to compare the overall timerelated means, as well as (since the interaction was highly significant) the group differences at each time period. A value of P Ͻ 0.05 was regarded as statistically significant.
RESULTS
At baseline, there was no significant difference in any of the measured variables between groups, as shown in the tables and figures. Infusion of the CGRP receptor antagonist BIBN4096BS in healthy sheep (n ϭ 7) 1 h before the injury did not affect any measured variable of the systemic or pulmonary circulation, acid-base status, or pulmonary gas exchange (Table 1) .
Airway microvascular blood flow. Microvascular blood flow in the trachea and both main bronchi was markedly increased 3 h after the injury in untreated control animals (up to 11-fold in the middle trachea and 12-fold in the right main bronchus). In sheep pretreated with the CGRP receptor antagonist, the elevation in tracheal blood flow was significantly attenuated. Right and left bronchial blood flow also tended to be lower in treated than in control sheep 3 h postinjury, while the drug was still being infused (P ϭ 0.08 and P ϭ 0.1, respectively). At the 24-h time point, no differences between groups could be detected. The time changes in microvascular blood flows are illustrated in Figs. 1 and 2 .
Microvascular permeability to fluid and protein. In untreated control animals, pulmonary transvascular fluid flux started to increase immediately after the injury, as evidenced by an elevation in lung lymph flow (Q L ). Q L significantly increased up to nine times the baseline value after 24 h, reaching a plateau for the remainder of the study. In the treatment group, Q L was not significantly elevated throughout the study and was significantly lower than in controls from 12 to 48 h (Fig. 3) . Following the injury, the plasma protein concentration (C P ) and plasma colloid oncotic pressure ( P ) decreased significantly toward baseline values in both study groups. However, C P was significantly higher from 24 to 48 h and P was significantly higher from 36 to 48 h in treated than in control sheep. There were no group differences in lymphto-plasma protein concentration ratio or lymph-to-plasma colloid oncotic pressure ratio (Table 2) .
Fluid balance, hematocrit, and hemoglobin. The total urine output was significantly higher in the treatment group (159 Ϯ 22 vs. 84 Ϯ 19 ml/kg; P ϭ 0.03 BIBN4096BS vs. control), but there was no significant difference in total fluid accumulation between groups (72 Ϯ 19 vs. 79 Ϯ 16 ml/kg; P Ͼ 0.05 BIBN4096BS vs. control). Despite identical fluid resuscitation (according to the Parkland formula) in both study groups, hematocrit and hemoglobin were significantly elevated toward baseline values only in control sheep, while these variables remained stable in treated sheep. The time changes in net fluid balance, urine output, hemoglobin, and hematocrit are displayed in Table 2 .
Pulmonary and systemic hemodynamic variables. Following the injury, mean pulmonary artery pressure, pulmonary artery occlusion pressure, pulmonary vascular resistance, and calculated pulmonary capillary pressure increased in both groups. No significant differences could be detected between groups. Except for an initial and transient increase in mean arterial pressure, systemic hemodynamic variables (i.e., cardiac output, systemic vascular resistance, and central venous pressure) remained stable in both groups (Table 3) . Values are means Ϯ SE. There were no statistically significant differences between time points. CGRP, calcitonin gene-related peptide; MAP, mean arterial pressure; SVR, systemic vascular resistance; CO, cardiac output; CVP, central venous pressure; MPAP, mean pulmonary arterial pressure; PVR, pulmonary vascular resistance; PaO 2 , partial arterial oxygen pressure; FIO 2 , inspired oxygen fraction; Qs/Qt, pulmonary shunt fraction. Histopathology scores and airway obstruction. No statistically significant differences in histopathology scores could be detected between groups. There were also no statistically significant differences in airway obstruction scores between groups, but the mean score for bronchial obstruction was lower in the treatment group (P ϭ 0.12) (Fig. 4B) .
Pulmonary function. The injury induced a severe impairment in respiratory gas exchange in untreated control animals, as indicated by a decline in Pa O 2 /FI O 2 ratio below 200 mmHg and a concomitant increase in pulmonary shunt fraction. In the treatment group, the Pa O 2 /FI O 2 ratio remained above 200 mmHg during the entire experimental period and was significantly higher than in the control group from 18 to 48 h. Pulmonary shunt fraction increased significantly less in treated than in control sheep (Fig. 5) . The injury was further associated with marked increases in ventilatory pressures in control animals that were significantly attenuated by the treatment (Fig. 6 ).
DISCUSSION
The results of the present study suggest that CGRP contributes to early increases in airway blood flow, enhanced pulmonary transvascular fluid flux, and impaired pulmonary gas exchange following combined burn and smoke inhalation injury in sheep. Pretreatment with the specific CGRP receptor antagonist BIBN4096BS partially attenuated these pathophysiological derangements. These findings suggest that CGRP is a major mediator of the early reaction to inhalation of toxic smoke. The fact that inhibition of the effects of CGRP also greatly reduces the decline in Pa O 2 /FI O 2 ratio that otherwise occurs around 24 h after injury suggests that the early inflammatory reaction in the large airways is a necessary condition for later development of respiratory malfunction. An alternative explanation of the results would be that CGRP has adverse effects on gas exchange more than 24 h after injury.
The nociceptor nerves of the lung, which sense irritation of the airways, are mostly vagal C-fibers that are processes of neurons that have their cell bodies located in the jugular and nodose ganglia. These neurons contain combinations of substance P, other tachykinins, and CGRP, which function as neurotransmitters in the sensory system. Details of the sensory innervation of the lung have not been well characterized in the sheep to date. Substance P and the tachykinins stimulate neutrophils and mast cell activation and microvascular leakage via NK receptors, while CGRP interacts with separate receptors. Little is known of the effects of simultaneous stimulation of these two groups of receptors on the same cell. Two different isoforms of CGRP are currently known: ␣CGRP occurs mainly in the lung, whereas ␤CGRP is prevalent in enteric neurons (37) . Within the lung, CGRP is localized in sensory nerves throughout the respiratory tract. Importantly, CGRP-containing nerve fibers can be found adjacent to pulmonary vessels and vascular smooth muscle cells (6, 8, 30) . CGRP could further be detected in perikarya of intrapulmonary ganglion cells, epithelial neuroendocrine cells of the airway, and neurons of the parasympathetic plexus within the trachea (13, 22) . CGRP mediates its effects via specific receptors, of which two different types have been identified. CGRP 1 receptors were found to be expressed in cardiovascular tissues of various organs. Initially, they have been localized in blood vessels of human airways (3, 16, 39) . The distribution of CGRP 2 receptors is less well defined.
There is good evidence for CGRP-induced vasodilation in pulmonary vessels in different experimental settings (24, (31) (32) (33) 35) . Via CGRP 1 receptors, CGRP mediates its vasodilatory effects by a nitric oxide (NO)-and endothelium-independent mechanism coupled to an increase in intracellular cyclic aden- Values are means Ϯ SE. CP, plasma protein concentration; CL lung lymph protein concentration; P, plasma colloid oncotic pressure; L, lung lymph colloid oncotic pressure; CL/CP, lymph-to-plasma protein ratio; L/P, lymph-to-plasma colloid oncotic pressure ratio; Hct, hematocrit; Hb hemoglobin. *P Ͻ 0.05, §P Ͻ 0.01 between treated and control groups. †P Ͻ 0.05, ‡P Ͻ 0.01 vs. 0 h. 
Values are means Ϯ SE. †P Ͻ 0.05 vs. 1 h.
CGRP IN OVINE BURN AND SMOKE INJURY
osine monophosphate levels (1, 5) . However, there is also evidence for an endothelium-dependent pathway of CGRPmediated vasodilation in some tissues which involves stimulation of NO production (15) . CGRP is degraded by tissue proteases, notably neutral endopeptidase (E.C. 3.4.24.11) (23). The CGRP receptor antagonist used in this study, BIBN4096BS, has been well characterized as to its specificity and pharmacology in multiple animal models and has undergone trials in humans as a potential therapy for migraine (9, 20, 36) . It was found to lack agonist activity and showed no significant affinity to 75 other receptors and enzyme systems (9) . The dose of the CGRP receptor antagonist BIBN4096BS chosen for this study was selected to maintain an approximate plasma concentration of one micromolar, which we demonstrated to substantially shift the curve of vasodilation induced by CGRP in ovine cerebral arteries. Cerebral arteries were used for convenience, since they are easy to isolate and had been used in ongoing studies in our institution, and because cerebral blood vessels respond to ␣CGRP. This was important because the potency of BIBN4096BS varies greatly between species. However, we did not characterize the IC 50 for the drug in ovine blood vessels. Tissue concentrations of CGRP were not measured in this study. Although interpretation of these concentrations would need to take into account changes in rate of degradation and potential origin from ganglia as well as sensory nerves, such measurement will be of interest in future studies. It should be noted that BIBN4096BS does not cross the blood-brain barrier to a substantial extent (10) , so the effects observed in this study are thought to be most likely due to inhibition of the effects of CGRP peripherally, not in the brain stem. Administration of the drug was not associated with any changes in hemodynamic measurements recorded in the experimental animals immediately before injury, indicating a lack of significant acute hemodynamic effects.
Previous studies in our ovine model of combined burn and smoke inhalation injury demonstrated that this injury is associated with significant increases in airway blood flow and pulmonary transvascular fluid flux (12, 18, 38, 47) . However, the exact mechanism of this pathophysiological response is not yet fully understood. By use of this model, multiple mediators have been shown to have significant roles in lung injury following inhalation of toxic smoke, including depletion of antioxidants, NO and related compounds, endothelin, poly-(ADP)ribose polymerase, and others. The effects of CGRP appear to be important at the beginning of the reaction of the respiratory system to this injury and may lead indirectly to involvement of multiple additional mediators. In a previous study, we treated groups of sheep with CP96345, an antagonist of the NK1 receptor, which interacts with substance P, at a dose of 1 mg/kg iv every 12 h, using the inactive enantiomer CP96344 as control. Sheep were injured with burn and smoke inhalation using the same protocol as in this study, but no significant effects were found on lung lymph flow or Pa O 2 /FI O 2 ratio (17) . It is interesting to speculate that CGRP and substance P or other tachykinins might interact, perhaps synergistically (40) , in stimulating inflammation in the lung, which would provide a means to modulate the effects of either alone. It is also unclear whether release of CGRP or substance P from neurons in the intrinsic ganglia of the airways, where both are also located, contributes in any way to inflammation in the airways following inhalation of smoke.
The present study provides evidence that CGRP-induced vasodilation is a major contributor to marked airway hyperemia following burn and smoke inhalation injury. Notably, the CGRP-mediated increase in airway blood flow appears to be an early event, because it could only be attenuated 3 h postinjury, while it was not affected 24 h postinjury in BIBN4096BS-treated animals. Of interest, administration of the CGRP receptor antagonist prevented the injury-related increases in regional blood flows more effectively in the middle and distal trachea than in both main bronchi. This finding possibly indicates that CGRP-containing sensory nerves are more abundant in the proximal parts of the respiratory tract, that CGRP receptors are not evenly distributed within the lung with a higher density in the trachea, or that the effects of CGRP receptor binding differ among regions of the airways. Other mechanisms also could contribute to the observed vasodilation in the bronchial circulation. Muscarinic responses to vagal cholinergic stimulation might stimulate some vasodilation. CGRP has been shown recently to affect ganglionic transmission in the airways, and this effect might play a role in our model (21) . In addition, we have identified neural nitric oxide synthase in a subset of neurons within airway intrinsic ganglia. It is possible that NO-mediated bronchial vasodilation might occur after inhalation of smoke.
In accordance with previous reports (12, 18, 38, 44, 47) , burn and smoke inhalation injury in the present study was associated with a significant increase in pulmonary transvascular fluid flux, and this was effectively prevented by the treatment, suggesting that the increased fluid permeability was mainly mediated by CGRP. Changes in transvascular fluid flux are generally determined by four physical factors (45): 1) the hydrostatic pressure gradient, 2) permeability of the capillary wall, 3) the oncotic pressure gradient, and 4) the perfused surface area of the microvasculature. The present study indicates that the CGRP-mediated increase in pulmonary transvascular fluid flow was mainly due to the latter factor because there were no intergroup differences in 1) parameters of hydrostatic pressure such as mean pulmonary artery pressure and pulmonary capillary pressure, 2) indicators of increased permeability of the pulmonary capillary wall to proteins (lymphto-plasma protein ratio), or 3) lymph-to-plasma colloid oncotic pressure ratio.
The injury in the present study was further associated with indirect signs of extrapulmonary microvascular hyperpermeability to proteins as indicated by a significant injury-induced decrease in plasma protein concentrations. The hypoproteinemia was unlikely to be a dilutional phenomenon, because hematocrit and hemoglobin significantly increased while fluid was administered. In contrast to the findings in the lung, extrapulmonary microvascular hyperpermeability to fluid and proteins was attenuated by the treatment, suggesting the involvement of CGRP in enhanced fluid and protein loss at other sites in our model, e.g., the cutaneous burn wounds. Fluid extravasation in the burn wound has been described previously in the ovine model (41) . It is also possible that renal effects of CGRP could have affected fluid balance in this study (2) .
Like humans, sheep subjected to severe smoke inhalation develop significant airway obstruction, which significantly contributes to the progression of respiratory failure following this injury . Smoke-induced airway obstruction results from a combination of bronchoconstriction, bronchial edema, and cast formation. Airway casts typically consist of four components: mucus, fibrin, epithelial cells, and neutrophils. It has previously been described that neurogenic inflammation in the lung is characterized by mucus hypersecretion, protein extravasation and potentiation of bronchial edema formation, neutrophil accumulation, and bronchoconstriction (7, 18) . This observation led us to hypothesize that sensory neuropeptides such as CGRP may play a critical role in airway obstruction following inhalation injury. In fact, histologically assessed bronchial obstruction tended to be reduced by pretreatment with the CGRP receptor antagonist in the present study. Additionally, at autopsy, there were apparently less obstructive airway casts in treated sheep, probably resulting in the significantly reduced ventilatory pressures that were observed compared with untreated control animals. The lack of statistical significance in the histological assessment of structural changes partly reflects the biological variability in the experiments and the lack of precision of the histological measures used. The structural changes observed 48 h after injury were likely to be several steps removed from the initial stimulation of CGRP release. Study of morphological differences that may be present in animals treated with a CGRP antagonist during the first few hours after injury will be an interesting aspect of future work. The exact pathophysiological mechanisms of injury-induced airway obstruction and the specific influence of CGRP on this process have not been investigated in this study. Evidence from previous studies with different models and species suggests that CGRP itself is not an effective mediator of bronchoconstriction (6, 30) , mucus hypersecretion (49), or protein extravasation (30) in the lung. Furthermore, it needs to be considered that CGRP represents only one of several mediators of neurogenic inflammation. Therefore, it is not surprising that injuryrelated cast formation and airway obstruction in the present experiment could not be completely prevented by the treatment. Also, it is not clear whether the CGRP that causes tracheal vasodilation arises principally from sensory nerves or from nerves arising in intrinsic airway ganglia. Other nitrergic, muscarinic, or nonadrenergic, noncholinergic (NANC) signals could contribute to the increased systemic blood flow to the airways and lungs in this model.
Nevertheless, administration of the CGRP receptor antagonist resulted in a significantly attenuated deterioration of pulmonary gas exchange in sheep with combined burn and smoke inhalation injury, while no adverse effects on systemic or pulmonary hemodynamic variables were observed. This raises the question whether a treatment strategy based on these findings could be beneficial for patients with this injury. However, some aspects need to be considered in this regard. We only tested the effects of pretreatment with a CGRP receptor antagonist. It remains undetermined whether posttreatment, or treatment of patients with established injury after hospital admission, would be likewise effective. In addition, CGRP is possibly implicated in local airway homeostasis or hypoxia-induced tissue remodeling and protection against hypoxic pulmonary hypertension. These regulatory, protective functions of CGRP could be adversely affected by the suggested treatment in a dose-dependent manner. In a previous study, intravenous bolus administration of 0.1-10 mg BIBN4096BS in healthy volunteers revealed a favorable overall safety profile, but with a trend toward an increased number of (mild) adverse events at the highest dose.
In conclusion, this is the first study demonstrating that CGRP mediates airway hyperemia in the early phase after burn and smoke inhalation injury in sheep. Pretreatment with a specific CGRP receptor antagonist attenuated the injury-related increase in pulmonary transvascular fluid flux and the degree of respiratory malfunction. This finding is significant because it opens a new area for investigation. It appears that after smoke inhalation injury, the initial reactions triggered by CGRP are important in the later development of acute lung injury and ARDS. Thus characterization of the mechanisms of the early inflammatory reaction are relevant in the study of ARDS due to injury by inhalation or aspiration of toxic compounds. Future studies will have to clarify whether posttreatment with a CGRP receptor antagonist is likewise effective. In addition, it needs to be investigated whether pharmacological interruption of the CGRP pathway exerts unfavorable effects on the likely regulatory or protective roles of this neuropeptide.
